Numerical taxonomic, DNA-DNA hybridization, and phospholipid fatty acid composition analyses were performed on an extensive range of methanotrophic strains, including reference strains and environmental
isolates obtained from sites throughout eastern Australia. When the results of these studies were related to the results of a study based on genomic physicochemical properties, they clarified group I and I1 methanotroph genus and species interrelationships. The group I methanotrophs were found to be made up of three broadly phenotypically and genotypically homologous clusters of species. The first group I methanotroph cluster included the carotenoid-containing species Methylomonas methanica, Methylomonas fodinarum, and Methylomonas aurantiucu. These species represent the true members of the genus Methylomonas. The second group I methanotroph cluster was made up of two subclusters of strains. One subcluster included species not capable of producing resting cells and consisted of the species "Methylomonas ugile," "Methylomonas alba," and Methylomonas pelagica. The other subcluster included species capable of forming desiccation-resistant cysts and included Methylococcus luteus, marine Methylomonas-like strains, and Methylococcus whittenburyi. Strains designated "Methylococcus ucrainicus" and Methylococcus vinelandii were found to be synonyms of Methylococcus whittenburyi, while Methylococcus bovis was a synonym of Methylococcus luteus. It is proposed that these subclusters represent a new genus, Methylobacter gen. nov. The species in the new genus are type species Methylobacter luteus comb. nov., Methylobacter agilis sp. nov., Methylobacter albus sp. nov., nom. rev., Methylobacter marinus sp. nov., Methylobacter pelagicus comb. nov., and Methylobacter whittenburyi comb. nov. The remaining group I methanotrophs included the moderately thermophilic species Methylococcus capsulatus and Methylococcus thermophilus and a group of unnamed strains closely related to Methylococcus capsulatus. It is proposed that these species represent the true members of the genus Methylococcus. The group I1 methanotrophs consisted of two closely related groups. The first group included budding, exosporeproducing strains, while the second group included nonmotile, cyst-forming strains. These groups represent the genera Methylosinus and Methyocystis, which are revived here. The genus Methylosinus gen. nov., nom. rev. includes the species Methylosinus trichosporium sp. nov., nom. rev. and Methylosinus sporium sp. nov., nom. rev., while the genus Methylocystis gen. nov., nom. rev. includes the species Methylocystis parvus sp. nov., nom. rev. and Methylocystis echinoides sp. nov., nom. rev.
The methanotrophs represent a subset of gram-negative, obligately methylotrophic bacteria that utilize methane as their primary source of carbon and energy. The difficulty in obtaining pure cultures, the lack of discriminating phenotypic characteristics, and transgressions against the International Code of Nomenclature of Bacteria (30, 56) have resulted in classification problems in methanotroph taxonomy.
The methanotrophs can be separated into two assemblages, which are usually referred to as types or groups I and I1 (56) . To avoid confusion with such concepts as type strain, type species, etc., in this study we used the terms group I and group 11. The group I and I1 methanotrophs differ in their intracytoplasmic membrane ultrastructures, carbon assimi-lation pathways, fatty acid carbon chain lengths (56) , and phylogeny (52) . In various studies an additional group of methanotrophs, referred to as group X, has also been described (23, 26) . Originally, the group X methanotrophs were defined on the basis of G + C values and intracytoplasmic membrane contents (36) and only included some members of the group I methanotroph genus Methylococcus. Subsequently, other characteristics have been used to further define this group (26) . In this study the term group X was not used to avoid confusion.
Currently, the methanotrophs with valid taxonomic status include only the group I methanotrophs (37) assigned to the genera Methylococcus (20) and Methylomonas (56) . The group I1 methanotrophs, which include the genera "Methylocystis" and "Methylosinus" (43, 57) , have no standing in bacterial nomenclature (37) . Even among the officially recognized genera considerable heterogeneity exists. Genomic characteristics, including G +C values, genome molecular weights, and DNA melting transition widths, separate the genus Methylococcus into two distinct clusters of species (7) . These clusters also contain a number of Methylomonas species. One cluster of Methylococcus species includes the moderately thermophilic species Methylococcus capsulatus (20) , Methylococcus thermophilus, and "Methylomonas gracilis" (35, 43) . The G+C values for these species vary from 59 to 66 mol%. The members of the second Methylococcus species cluster are mesophilic and have lower G+C contents (range, 48 to 55 mol%) (7, (34) (35) (36) , and this cluster includes Methylococcus bovis, Methylococcus luteus, Methylococcus vinelandii, and Methylococcus whittenbulyi (43) . Romanovskaya (42) attempted to resolve this heterogeneity by placing the mesophilic low-G + C-content Methylococcus species in a different genus, the genus "Methylovanus." This genus name is currently invalid (37) . The results of DNA-DNA hybridization studies performed by Lysenko et al. (34) suggested that all of these species except Methylococcus luteus are closely related. This phenotypic and genotypic ambiguity still remains to be resolved for the species of this group. The species "Methylomonas alba" (43) and Methylomonaspelagica (45) were also found to be similar to the mesophilic low-G+ C-content Methylococcus species on the basis of genomic characteristics (7) . The remaining Methylomnas species, Methylomonas methanica (56) , Methylomonas aurantiaca, and Methylomonas fodinarum (6) , are distinct in terms of their genomic characteristics (7) and characteristically produce carotenoid pigments. The species "Methylomonas agile" (57) appeared to have genomic characteristics similar to those of the carotenoid-containing Methylomonas species. However, phenotypically, "Methylomonas agzle" appears to be more closely related to "Methylomonas alba" and does not produce carotenoid pigments.
The results of comparisons of the 5s rRNA sequences of Methylomonas and Methylococcus species (10, 11) also indicated that the taxonomy of these genera and species requires clarification and revision. For instance, genomic characteristics (7) and the results of 5s rRNA (10) and 16s rRNA sequence analyses (9) suggest that the group I1 methanotroph genera "Methylosinus" and ' cMethylocystis" are closely related but distinctly different groups. However, the phenotypic and genotypic homogeneity among the group I1 methanotrophs is still to be defined. We found that on the basis of the results of a comprehensive phenotypic survey of several reference methanotroph strains and environmental isolates, accompanied by the results of DNA-DNA hybridization and fatty acid analyses, it was possible to elucidate methanotroph genus and species interrelationships. In this study we established a foundation for an effective systematics for the methanotrophs.
MATERIALS AND METHODS
Bacterial strains and cultivation. The strains investigated in this study are listed in Table 1 . These strains were grown under a methane-air-CO, (5:4:1) atmosphere. All of the strains except Methylomonas sp. strains Al, A4, and C2 and Methylomonaspelagica ACM 3505= (T = type strain) were cultivated on nitrate-mineral salts (NMS) agar (6) . Methylomonas sp. strains Al, A4, and C1 (33) were grown at 37°C on NMS medium prepared with tap water and supplemented with 0.5% (wt/vol) NaCl and 5 ml of a vitamin solution (50) per liter. Methylomonaspelagica ACM 3505= was cultivated at 25°C on NMS medium prepared with artificial seawater (from Marine agar 2216 [catalog no. 0979; Difco] and solidified with 1.0% (wt/vol) agarose (type V; Sigma Chemical Co., St. Louis, Mo.) (45) . The Methylococcus strains in phena 10 through 12 (Table 1) were cultivated at 45"C, and the other strains in Table 1 were grown at 28°C. The methods used for isolation and purification of methanotrophs have been described previously by Bowman et al. (6) . The guidelines described by Lidstrom (33) for determining the purity of methanotroph cultures were followed.
Morphological observations. The Gram stain reaction and the results of the correlative tests, which included aminopeptidase production, lysis in 10% (wt/vol) sodium dodecyl sulfate (SDS), and lysis in 3% (wt/vol) KOH (47) , were determined by using 7-day-old cultures. Microcolonies on NMS medium containing Noble agar (catalog no. 0142; Difco) were observed after 24 h by using oil immersion phase-contrast microscopy. The presence of rosettes and exospore formation were verified by this procedure. Capsules were stained with 2.5% (wtkol) nigrosine (15) and observed by using oil immersion phase-contrast microscopy. Growth from 14-day-old NMS medium cultures was stained by the procedure of Vela and Wyss (53) and with the Ziehl-Neelsen stain (15) and was observed microscopically for the presence of Azotobacter-like cysts. The presence of exospores was ascertained by determining the viability of strains after suspensions of 7-day-old NMS medium cultures were heated at 80°C for 20 min by using a heating block (model DB3 Dri-block, Tecam). The presence of exospores was then confirmed by observing microcolonies of the viable and thus heat-resistant strains. Desiccation resistance was assessed by the method described by Whittenbury et al. (55) . The presence of poly-P-hydroxybutyrate inclusions was determined chemically (25) , and polyphosphate (volutin) was detected by a modification of the method of Neisser (16) . Colony morphology and pigmentation were determined by using 7-day-old NMS agar plate cultures.
Electron microscopy. Flagellum insertion was determined by examining negatively stained or metal-shadowed cells with an Hitachi model H-800 transmission electron microscope. The negative stain utilized was phosphotungstate (l%, wt/vol; pH 6.5). The cells were shadowed with 1.7 nm of platinum-carbon from an electron gun at an an le of 30" in a high-vacuum coating unit (Balzers Aktiengesellschaft, Furstenturn, Liechtenstein). Thin sections of cells taken from 3-day-old liquid or plate cultures were used to determine intracytoplasmic membrane types. The ruthenium red staining procedures of Fassel et al. (19) and Pierson et al. (40) were used to process the samples.
Physiological tests. The following tests were performed by the rapid titer tray method of Cox and MacRae (13) : growth at pHs ranging from 4.0 to 10.0; growth at various temperatures ranging from 4 to 60°C; tolerance to NaCl at concentrations ranging from 0.5 to 5.0% (wt/vol); and tolerance to 0.0075% (wthol) KCN, 0.01% (wt/vol) NaN,, and 0.01% (wt/vol) SDS. The titer trays were incubated under a methane-air (1:l) atmosphere in desiccators. Tolerance to dyes was tested by incorporating dyes into NMS agar plates; the dyes tested included 0.001% crystal violet, 0.001% malachite green, and 0.01% methylene blue.
Carbon and nitrogen source utilization. NMS medium was used as the basal medium to determine utilization of the following carbon sources at a concentration of 0.1%: ethanol, formate, formamide, urea, methanol, methylamine, dimethylamine, trimethylamine, tetramethylammonium chloride, trimethylamine N-oxide, trimethyl N-sulfonium iodide, and dimethylcarbonate. Volatile liquid carbon sources and C , compounds were filter sterilized and added after autoclaving to the basal medium, which was then a vacuum of approximately torr (133 x 10-9 Pa), using JB5, JB9, JB17, JB227  JB40  JB182, JB193, JB194, JB195  JB228  ACM 3303 (= NCIMB 11913 = VKM-15m  JB2, JB3, JB4, JB6, JB7, JB10, ACM 3268 (= JB13T), JB15  JB34, JB37, JB70  JB25, JB27  JB96, JB97, JB98, JB99, JB100, JB101, JB102, ACM 3406T JB129, JB134, JB135, JB142 JB176, JB177a, JB177b, JB178a, JB178b, JB179a, JB179b IMET 10593 JB50 JB200
10543T)
k (= JB103T), JB104, JB105, JB106, JB114, JB121, JB122, JB126 JB120, JB137  JB146  JB175  JB41, JB43  JB56, JB57  JB83, JB84, JB86, JB87  JB131, JB138, JB139, JB140, JB141, JB143, JB144, JB145, JB173  ACM The titer trays were examined by using a Titertek titer tray reader at 600 nm. Biochemical tests. Catalase and oxidase activities were determined as described by Smibert and Krieg (47) . Nitrate reduction and denitrification activity were tested in semisolid NMS medium containing 0.2% (wtkol) KNO,. The semisolid medium was dispensed into test tubes (10 ml per tube); each tube also contained an inverted Durham tube. Nitrite was detected by diazotization (25) . Nitrogen fixation was assayed by using the modified acetylene reduction procedure of Takeda (51) . Hydrogen autotrophy was determined by the procedure of Sly (46), using liquid and semisolid NMS media as the growth media. Urease production was determined by observing alkalinization of NMS medium supplemented with 0.2% (wthol) urea and 0.005% (wthol) phenol red. Thiosulfatexyanide sulfurtransferase activity (rhodanese test) was assayed by the procedure described by Lanyi (29) . The presence of phosphatase and the presence of arylsulfatase were determined by the method of Jenkins and Jones (28), except that the basal medium used was NMS medium. Acid production from D-glucose was tested by supplementing NMS medium with 1.0% (wtkol) glucose and 0.005% (wtkol) bromothymol blue. Indole production from tryptophan was tested by supplementing NMS medium with 0.1% (wthol) L-tryptophan and using Ehrlich's reagent (4-dimethylaminobenzaldehyde in 70% [volkol] ethanol, 1.5 M HCI) (29) . Esculin*hydrolysis was determined by supplementing liquid NMS medium with 0.1% (wtkol) esculin and 0.005% (wthol) ferric citrate (47) . Reduction of 2,3,5-triphenyl-2H-tetrazolium chloride (0.01%, wt/vol), reduction of potassium tellurite (0.1%, wtkol), and reduction of sodium selenite (0.1%, wtkol) were determined in NMS agar.
Enzyme assays. Selected methanotroph isolates were grown on NMS medium for 3 to 4 days, harvested into 10 mM Tris (pH 7.0) buffer, and then washed twice by centrifugation at 10,000 x g for 10 min at 4°C. The cells, chilled in ice, were disrupted by three to five 20-s pulses of ultrasonication with a model 250 Sonifier (Branson, Danbury, Conn.) at the maximum power setting (250 kHz). The cell debris was , removed by centrifugation at 20,000 x g for 30 min at 4°C. The activities of the following enzymes were assayed by using the resulting cell extract: hydroxypyruvate reductase (EC 1.1.1.29) (31), hexulose phosphate synthase (14) , hydroxylamine cytochrome c oxidoreductase (EC 1.7.3.4) (49), and ribulose-1,5-diphosphate carboxylase (EC 4.1.1.39) (1).
The assays were performed with a model DU-8 spectrophotometer (Beckman Instruments, Fullerton, Calif.) at 25°C.
Numerical taxonomy.
Results were encoded in a binomial format (41) . Data were analyzed by using the Taxan program (version 3.0) (Information Resources Group, Maryland Institute of Biotechnology, University of Maryland, College Park) and an IBM-compatible personal computer. Jaccard coefficients (SJ) were used, and a similarity matrix was prepared by the unweighted pair group average procedure DNA-DNA hybridization analysis. DNAs were extracted from methanotrophs by procedures described by Bowman et al. (7) . The spectrophotometric thermal renaturation procedure of Huss et al. (27) was used to determine levels of DNA homology between selected strains. G + C values determined from the optimum renaturation temperatures were calculated as described by Bowman et al. (7) .
PLFA profiles. To determine phospholipid fatty acid (PLFA) profiles, the total lipids of lyophilized cell material were extracted and fractionated with activated silicic acid (24, 54) . The phospholipid fraction was transesterified to the corresponding methyl esters by using acid methanolysis and was analyzed by high-resolution gas chromatography (39) . Fatty acid isomers and double-bond positions were determined by dimethyldisulfide derivitization (17, 38) and analysis by gas chromatography-mass spectrometry.
(48).

RESULTS
Numerical analysis.
A total of 124 characters for 136 methanotrophic strains were included in the numerical analysis. When a cutoff similarityvalue (SJ) of 172% was used to group the strains (Fig. l) , a total of 16 phena were formed. The assignments of individual strains to phena are shown in Table 1 . The phenotypic results obtained for each of the phena are shown in Table 2 . Tentative identification of many environmental isolates could be made as these isolates were found to be very similar to reference strains. The group I methanotrophs were divided into phena 1 to 12, while the group I1 methanotrophs were divided into phena 13 to 16. Broader groups of phena were also discernable at a similarity value of 50% (Fig. 1) .
The group I methanotrophs formed three such groups. The first of these included phena 1 to 3 and contained the pink and orange carotenoid-containing species Methylomonas methanica , Methylomonas fodinamm , and Methylomonas aurantiaca, respectively. These species were closely allied phenotypically, clustering together at an S, value of 169% (Fig. l) , and had the following general properties: coccobacillary or rod-shaped cells which were encapsulated, contained poly-P-hydroxybutyrate inclusions, non-desiccationresistant cysts, and carotenoid pigments, and were motile by means of a single polar flagellum. More detailed phenotypic traits that distinguish these species are shown in Table 2 .
A greater degree of phenotypic diversity was found in the second large group, which encompassed phena 4 to 9 (which clustered together at a similarity level of 255%). A number of desiccation-resistant, cyst-producing (55) Methylococcus species were clustered in this group, including "MethyZococcus ucrainicus" (phenon 4), Methylococcus vinelandii (phenon 4), Methylococcus whittenburyi (phenon 4), Methylococcus bovis (phenon 8), and Methylococcus Zuteus (phenon 8). Closely clustering with phenon 4 at an SJvalue of 264%, phenon 5 contained three Methylomonas-like strains (strains Al, A4, and C1) which were isolated from seawater by Lidstrom (33) and were also capable of forming desiccationresistant cysts. These strains differed from phenon 4 strains in that they required NaCl for growth and also required an 
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unidentified component present in tap water (33) ; otherwise, phenon 5 strains were morphologically and biochemically similar to phenon 4 strains ( Table 2 ). In addition to the desiccation-resistant cyst-forming Methylococcus species, a number of Methylomonas species were also present in the second broad group (phena 6, 7, and 9). These strains differed from the Methylococcus species in phena 4,5, and 8, having a more rodlike shape, and completely lacked a differentiated encystement stage. Phena 6, 7, and 9 included the species "Methylomonas agile," "Methylomonas alba ," 
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Methyylococcus lococcus lomonas lomonas lomonas 'z;hus 22:: for all of the strains tested: growth on nutrient agar; hydrogen autotrophy; denitrification; arylsulfatase activity; acid production from D-glucose; indole production from L-tryptophan; rhodanese; reducticn of tellurite; utilization of trimethyl N-sulfonium iodide, tetramethylammonium chloride, Nfl-dimethylformamide, urea, and compounds with carbon-carbon bonds as sole sources of carbon and energy; and utilization and Methylomonas pelagica, respectively. The first two of these species were found to be relatively similar phenotypically, clustering together at an S, value of 267% and differing primarily in their carbon and nitrogen source utilization spectra (Table 2) . On the other hand, Methylomonas pelagica (phenon 9) required seawater for growth and was substantially more biochemically and nutritionally inert (Table 2). The final broad group (phena 10 to 12) making up the group I methanotrophs included spherical and coccibacillary cells which produced desiccation-sensitive cysts. These strains were moderately thermophilic, with optimal growth temperatures ranging from 40 to 55°C. Phenon 10 contained various strains of Methylococcus capsulatus, while phenon 11, which clustered with phenon 10 at an S, value of ~6 7 % , contained 17 environmental isolates isolated from creek, river, and marsh mud, as well as from soil (Table 1) . Interestingly, phenon 11 appeared to represent a distinct taxon of methanotrophic bacteria allied to but phenotypically distinct from Methylococcus capsulatus. This conclusion was supported by the significant phenotypic coherence obsewed among the strains in phenon 11 (S,, 287%). Phena 10 and 11 were the most versatile nutritionally of all the methanotrophs studied, and they could be readily distinguished on the basis of the results of biochemical and carbon and nitrogen source tests (Table 2) . Clustering with phena 10 and 11 at an S, value of >54%, phenon 12 included the species Methylococcus thermophilus and "Methylomonas gracilis." All of the phenon 12 strains, which clustered together at an S, value of >80%, were brown pigmented with a brown diffusible pigment produced when the organisms were first isolated. This pigment was often lost rapidly during the purification process. Morphologically and biochemically, the phenon 12 strains appeared to be similar to the phenon 10 and 11 strains except that the phenon 12 strains were motile by means of a single polar flagellum and were comparatively nutritionally inert (Table   The group I1 methanotrophs clustered as one large group at a similarity level (SJ) of 253%. Phenon 13 strain "Methylosinus trichosporium" ACM 3311 and phenon 14 strains ("Methylosinus sporium" ACM 3306 and related environmental strains) clustered at a similarity value (S,) of 265% on the dendrogram (Fig. 1) . All "Methylosin~s" strains budded off exospores (57) and were motile by means of a tuft of flagella inserted at one pole. "Methylosinus trichosporium" ACM 3311 could be differentiated from "Methylosinus sporium" strains, which grouped together in phenon 12 at an S, value of ~9 3 %~ by its pyriform rather than vibrioid morphology, by its lack of a brown diffusible pigment or red pigment, by its lack of urease and alkaline phosphatase activities, and by various differences in nitrogen source usage (Table 2 ). Phenon 15 included "Methylocystis pawus" ACM 3309, Methylocystis minimus" ACM 3497, and 14 environmental isolates clustering together at an S,value of 176%. Phenon 15 was related to "Methylocystis echinoides" ACM 3495 (phenon 16) at an S,value of 266%. The "Methylocystis" strains had the following properties: vibrioid or reniform cells that were small (0.5 to 1.0 by 0.5 to 0.7 pm), lacked motility, and formed lipid cysts (55) . "Methylocystis echinoides" (22) strain ACM 3495 could be distinguished from phenon 13 strains by its production of unusual surface protuberances (or spinae) (18) , by its lack of pigmentation, by its inability to grow at 37°C or below pH 6.0, and by its lack of urease or phosphatase production ( Table 2) .
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DNA-DNA hybridization. Levels of DNA homology were determined between representatives of each of the phena identified in the numerical analysis (Table 3) . Levels of genetic relatedness between the species in phena 1 through 3 have been reported previously (6) . "Methylomonas rubra" ACM 3303 was 100% related to Methylomonas methanica. Methylomonas fodinarum and Methylomonas aurantiaca were also closely related, exhibiting DNA homology levels of 45% 5 15%; however, these organisms exhibited no significant level of homology with any of the Methylomonas methanica strains tested. High levels of DNA homology were detected between strains clustered in phenon 4 and between strains clustered in phenon 8. The phenon 4 species ' 'Methylococcus ucrainicus,' ' Methylococcus vinelandii, and Methylococcus whittenbu yi exhibited DNA homology levels of 54 to 93%, while the phenon 8 species Methylococcus bovis and Methylococcus luteus exhibited a level of homology of 98%. The strains in phena 5 through 7 and 9 were found to be genetically distinct (Table 3) . Methylococcus capsulatus (phenon 10) exhibited significant levels of DNA relatedness (40 to 43%) to the strains in phenon 11. The phenon 11 strains formed a genetically homologous group, with five test strains exhibiting levels of homology of 63 to 103% with reference culture JB140 (Table 3) . Methylococcus thermophilus ACM 3585= exhibited 68% DNA homology with the phenotypically related species "Methylomonas gracilis" (both members of phenon 12); however, no significant level of homology was detected between these species and strains in phena 10 and 11. The group I1 methanotroph phena (phena 13 through 16) were genetically distinct ( Table   PLFAs . By using data from this study and other methanotroph PLFA studies (3, 5, 24, 44) it was possible to divide the group I methanotrophs into six groups on the basis of PLFA profiles, while the group I1 methanotrophs formed a single group (Table 5 ). The first profile was found in Methylomonas methanica , Methylomonas fodinarum , and Methylomonas aurantiaca (phena 1 through 3); the dominant PLFA components were 14:O (19 to 25%), 16:108c (26 to 41%), and 1 6 : l d t (8 to 15%). The second profile was found in Methylococcus species which produced desiccation-resistant cysts (e.g., phena 4, 5, and 8); these species contained mainly 16:107c (57%). The third profile was found in "MethyZomonas agile" (phenon 6), "MethyZomonas aZba " (phenon 7), and Methylomonas pelagica (phenon 9), and the major PLFA components found were 16:108c (12 to 19%), 16:107c (14 to 20%), 16:106c (6 to 14%), 16:105t (6 to 28%), and 16:O (11 to 18%). Methylococcus capsulatus strains (phenon 10) contained primarily 16:O (33 to 56%); significant levels of 16:lw7c (11 to 23%) and 16:106c (4 to 12%) were also present. The PLFA profile of phenon 11 strains was found to be quite similar to that of Methylococcus capsulatus; however, the levels of 18:107c (9 to 15%) and cy19:O (8 to 16%) were significantly greater ( Table 5 ). The PLFA profiles of Methylococcus thermophilus and "Methylomonus gracilis" were also somewhat similar to the profiles of the phenon 10 and 11 strains examined; however, the 16:l isomers were completely dominated by 16:107c (17 to 46%), which in most of the strains was present at nearly the same level as 16:O (40 to 47%). The group I1 methanotroph PLFA profile was characterized by its high content of the unusual PLFA 18:108c (53 to 74%), while 18:107c (15 to 38%) was also present at significant levels. 
Methylomonas methanica ACM 3307=
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DISCUSSION
On the basis of the results of an extensive phenotypic survey it was possible to elucidate methanotroph species and genus relationships. The results of DNA-DNA hybridization analyses indicate that several species synonyms exist in the current nomenclature. Using numerical analysis, PLFA compositions, and genomic characteristics (7) together, we were able to clarify the species and genera of the group I and I1 methanotrophs.
Unsuccessful attempts were made to obtain cultures of the taxonomically valid methanotrophs Methylococcus chroococcus and Methylococcus mobilis. Several other methanotrophs, all invalid and usually based on only limited descriptions from relatively cursory examinations, were also not included in this study. Most of these species have no extant cultures or designated type or reference cultures, while others are simply synonyms. The review of methanotroph systematics by Green (23) covers some of these taxa, including "Methylococcus minimus," Methylococcus mobilis, "Methylocystis methanolicus, " ' 'Methylocystis pyreformis," "Methylomonas flagellata , " ' ' Methylomonas malgaritae , " "Methylomonas rosaceous , " ' 'Methylomonas streptobacterium , " ' 'Methylovibrio soehngenii, " and "Soehngenia thermomethanica ." Other "obscure" methanotrophs include "Echinosporobacterium album" and "Polysporobacterium arenarium" (32) .
Family Methylococcaceae. On the basis of 16s rRNA phylogeny, the group I methanotroph genera collectively form a relatively distinct branch in the gamma subdivision (8); in addition, the group I methanotrophs share several features which differ from the features of the group I1 methanotrophs. The current description of the family Methylococcaceae includes all of the methanotrophs and the genus Methylobacterium (56) . It is proposed that the family Methylococcaceae should include only the group I methanotrophs, with the genus Methylococcus as the type genus. An emended description of the family Methylococcaceae is given below.
Emended description of the family Methylococcaceae (ex Whittenbury and Krieg 1984). Cell morphology varies from rods to cocci that are 0.5 to 1.5 pm in diameter and 1.0 to 3.0 pm long. Cells usually occur singly or in pairs, occasionally forming chains. Cells do not form rosettes. Gram negative. The majority of the species produce a dormant resting stage that appears as a cyst similar to the cysts which occur in members of the genushotobacter. (Fig. 1) and simple matching coefficients (6) showed that these species are distinct from other group I methanotrophs. PLFA composition was highly consistent among the species (Table 5 ) (5). The genomic physicochemical characteristics, including G+Cvalues (51 to 59 mol%), genome molecular weights (1.8 x lo9 to 2.3 x lo9), and DNA melting transition widths (10.5 to 12.0 mol% G+C), also indicate that these species are similar (7). The 16s rRNA sequences indicate that Methylomonas methanica forms a branch in the y subdivision of the Proteobacteria quite distinct from Methylococcus capsulatus (8, 9, 52) . It is proposed that the species Methylomonas methanica , Methylomonas aurantiaca , and Methylomonas fodinamm are the true members of the genus Methylomonas. These species are differentiated in Table 6 , " See Table 1 for strain designations. Data are from reference 5 unless otherwise specified.
Methylomonas methanica ACM 3307T (phenon l), "Methylomonas mbra" ACM 3303 (phenon 1) (this study), Methylomonas fodinamm ACM 326gT (phenon Methylococcus whittenburyi ACM 3310T (phenon 4), Methylomonas sp. strain A45 (phenon 5) (this study), and Methylococcw luteus ACM 3304= (phenon "Methylomona agile" ACM 330aT (phenon 6), "Methylomonas alba" ACM 3314T (phenon 7) (this study), and Methylomonaspelagica ACM 3505= (phenon Methylococcus cupsulatus ACM 3302 (this study), JB115 (this study), and JB137 (this study). PLFA data for ACM 1292T which were obtained from reference 2), and Methylomonas aurantiaca ACM 34WT (phenon 3).
8).
9) (this study).
2 are also included. f Methylococcus sp. strains JB140 and JB173.
* Methylococcus thermophilus ACM 3585T this study), "Methylomnus gmcilis" ACM 3315, and strain JB187 (this study).
"Methylosinus trichsporium" ACM 3311 6 (phenon 13), "Methylosinus sporium" ACM 3306T (phenon 14), "Methylosinus" sp. strain IMV-B 3006 (this study), "Methylqstisparvus" ACM 330gT, "Methylocystis minimus" (phenon U), and "Methylocystis echinouies" ACM 3495T (phenon 16). Additional PLFA data for 24 strains isolated from a groundwater aquifer and identified as members of either the genus "Methylosinus" or the genus "Methylocystis" were obtained from reference 4. while the genus Methylomonas is differentiated from other methanotrophic genera in Table 7 . VOL. 43, 1993 The major ubiquinone is 18-methylene-ubiquinone 8 (only determined for Methylomonas methanica) (12) . The G+C content is 51 to 59 mol% (Ti). The type species is Methylomonas rnethanica (56) . Other species include Methylomonas fodinarum and Methylomonas aurantiaca (6) .
Misclassified Methylomonas species. The species "Methylomonas agile," "Methylomonas alba ) " and Methylomonas pelagica have been compared with Methylomonas methanica by using only a relatively limited array of characteristics (4245,57). In this study the results of a numerical analysis and DNA-DNA hybridization indicated that these species are distinct from each other and from other group I methanotrophs at the species level. These species exhibit certain obvious phenotypic differences with Methylomonas methanica , Methylomonas fodinamm ? and Methylomonas aurantiaca, including the absence of pigmentation and cyst formation. In addition, these species have different PLFA profiles; they lack significant levels of 14:O and have a different distribution of 16:l isomers ( Table 5 ). The results of molecular studies, including genome characteristics (7) and the results of 5s rRNA (10) and 16s rRNA (8, 9) sequence analyses, suggest that these species are more closely related to the mesophilic, desiccation-resistant cyst-forming Methylococcus species. However, some ambiguities exist in these data. Genomic characteristics place "Methylomonas agile" ACM 3308 with the carotenoid-containing Methylomonas species, and this organism seems to be quite different from its close phenotypic ally "Methylomonas alba" (7) . The similarity of ' 'Methylomonas agile" and "Methylomonas alba" in terms of their phenotypes and PLFA profiles suggests that these organisms are generically related; recently, phylogenetic data based on 16s ribosomal DNA sequences confirmed that there is a close relationship between these species, as well as between these species and Methylomonas pelagica and the desiccation-resistant cystforming mesophilic Methylococcus species (9).
In the case of "Methylomonas gracilis" ACM 3315, DNA-DNA hybridization analysis data indicated that this name is was a synonym of Methylococcus thermophilus. This conclusion is also supported by the results of the numerical analysis, which placed strain ACM 3315 in phenon 12 along with Methylococcus thermophilus. The PLFA profile (Table 5 ) and the genomic characteristics (7) of "Methylomonasgracilis" ACM 3315 are also very similar to those of Methylococcus thermophilus ACM 3585=.
Methylococcus species. The results of systematic studies of methanotroph fatty acids (5, 24), protein electrophoretic patterns (21), DNA base compositions (7, 36) , genome molecular weights, and DNA melting transition widths (7) clearly demonstrate the heterogeneity present in the genus Methylococcus. These results suggest that the genus Methylococcus consists of two groups of species, each of which represents a different genus.
The high-G+ C-content, moderately thermophilic Methylococcus species make up a distinct group I methanotroph species cluster (phena 10 through 12) (Fig. 1) . This cluster includes the species Methylococcus capsulatus (phenon 10) and a phenotypically and genotypically allied cluster of strains forming phenon 11. Phenon 11 strains, however, possessed several phenotypic traits differentiating them from Methylococcus capsulatus ( Table 2) . Even though substantial levels of DNA homology (37% ? 8%) seem to exist between the strains of these phena, the homology values are well below the level recommended for intraspecies relatedness. Phenon 12 includes the species Methylococcus thermophilus, which is phenotypically and genotypically distinct REVISED TAXONOMY OF THE METHANOTROPHS from phena 10 and 11. These three phena exhibit high levels of similarity on the basis of genomic characteristics (7) and PLFA profiles ( Table 5 ). As phena 10 through 12 represent a distinct group separate from other group I methanotrophs, it is proposed that these strains are true members of the genus Methylococcus. The species include Methylococcus capsulatus (type species) and Methylococcus thermophilus. Severe problems were encountered in maintaining viable cultures of the phenon 11 strains, and to date no representative strain is available. Thus, no species description can be proposed for phenon 11 strains in this paper. Methylococcus capsulatus, Methylococcus thermophilus, and the phenon 11 strains are phenotypically differentiated in Table 6 , while the genus Methylococcus is differentiated from other methanotrophic genera in Table 7 . An emended description of the genus Methylococcus is given below. Emended description of the genus Methyfucoccw (Foster and Davis 1966). Cells are cocci, coccobacilli, or occasionally short rods, are 0.8 to 1.5 pm wide, 1.0 to 1.5 pm long, and occur singly or in pairs. When motile, the cells possess a single polar flagellum. Produces Azotobacter type cysts which do not confer desiccation resistance. Contains a partially functional Benson-Calvin cycle which allows incorporation of carbon dioxide for cellular carbon in the presence of methane, but no autotrophic growth occurs in the absence of methane. Fixes atmospheric nitrogen via an oxygen-sensitive nitrogenase. Not susceptible to lysis by 0.2% (wtfvol) SDS. Moderate thermophiles with an optimal temperature for growth between 37 and 50°C. The major PLFAs are 16:O and 16:107c. The major ubiquinone is 18-methyleneubiquinone 8 (12) . The G+C content is 59 to 66 mol%. The type species is Methylococcus capsulatus, which was originally described by Foster and Davis (20) . The other species belonging to this genus is Methylococcus themzophilus, which was described by Malashenko et al. (35) .
Misclassified Methylococcus species. Methylococcus taxa that produce well-defined desiccation-resistant cysts (55) include the species Methylococcus bovis, Methylococcus luteus, "Methylococcus ucrainicus, " Methylococcus vinelandii, and Methylococcus whittenburyi and the NaC1-requiring strains (33) grouped in phenon 5. "Methylococcus ucrainicus, " Methylococcus vinelandii, and Methylococcus whittenburyi in reality represent a single species. This conclusion is supported by the results of a numerical analysis which placed these species, as well as a strain misclassified as Methylococcus bovk (ACM 3504) and two unidentified strains (JB50 and JB200) (Table l), in phenon 4 (level of similarity [SJ], 273%). The levels of DNA homology between phenon 4 strains ranged from 54 to 93% (Table 3) . These data correlate well with the data of Lysenko et al. (34) which indicated that the species Methylococcus chroococcus, Methylococcus vinelandii, and Methylococcus whittenburyi exhibited DNA homology levels of 70 to 90%. The same circumstance exists for the phenon 8 species Methylococcus luteus and the type strain of Methylococcus bovis (IMV-B 3098), which were found to exhibit a level of DNA homology of 98% and considerable phenotypic similarity (SJ, 275%). Phenon 5 strains are phenotypically similar to phenon 4 species but are genotypically distinct, exhibiting levels of DNA homology of only 22 to 39% with Methylococcus whittenburyi ACM 3310 and Methylococcus luteus ACM 3304T. Species clustered in phena 4, 5, and 8 have a very similar PLFA rofiles (Table 5 and genome molecular compositions of these species range from 48 to 54 mol% G+C (7, 36) . The results of a phylogenetic analysis based on 5s rRNA (10) and of 16s rRNA and 16s rDNA analyses (8, 9) indicate that these species are closely related.
"Methylomonas agile, " "Methylomonas alba ," and Methylomonas pelagka were found to exhibit a substantial degree of phenotypic similarity to the desiccation-resistant, cyst-forming species in phena 4, 5, and 8 ( Table 2 ; Fig. 1 ).
weights (1.5 x 10 ! to 2.0 x 10 ) (7). The DNA base However, because of the low number of useful phenotypic traits available to broadly classify these species, there is some difficulty in showing obvious relatedness purely on the basis of phenotypic characteristics. Although these species are genotypically distinct (Table 3) , their PLFA compositions are quite similar (Table 5 ). The PLFA profiles of these species also differ from the profile of the desiccation-resistant, cyst-forming species, mainly in terms of 16:l isomer distribution; however, the total contents of the various unsaturated and monounsaturated lipids (i.e., total 16:l contents) are very similar. On the other hand, genome characteristics (7), 5s rRNA sequences (lo), and 16s rRNA and ribosomal DNA sequences (8, 9) indicate that the organisms in phena 6, 7, and 9 that do not form cysts are related to the desiccation-resistant cyst-forming Methylococcus species in phena 4, 5, and 8. On the basis of this evidence it is proposed that the misclassified Methylomonas and Methylococcus species should be combined in a as single genus, designated Methylobacter gen. nov. A similar proposal was put forward by Romanovskaya (42); however, the proposed genus "Methylovarius" was never validated. Table 6 , while the genus Methylobacter is differentiated from other methanotrophic genera in Table 7 . Descriptions of Methylobacter gen. nov. and its species are given below. Table 2 . The G+C content of the DNA is 54 to 56 mol% (Ti). The major PLFA component is 16:ldt. The type strain is NCIMB 11123 (= VKM-BG8 = ACM 33 14) .
Description of iMethyb6acter marinus sp. nov. Methylobacter marinus (mar'i.nus. M. L. adj. marinus, from the sea). The characteristics are the same as the characteristics given in the genus description above, including the following traits. Cells are motile by means of a single polar flagellum. Forms desiccation-resistant Azotobacter type cysts. Does not form polyphosphate inclusions. Colonies are buff to brown, round, and low convex with entire edges and have a butyrow consistency. Produces a diffusible brown pigment. NaCl (approximately 100 mM) and an unknown component present in tap water are required for growth. Optimal growth occurs at 37°C. Oxidase is produced. Urease and phosphatase negative. Does not reduce nitrate, selenite, tellurite, or triphenyltetrazolium chloride. Does not hydrolyze esculin. Utilizes methane and methanol as sole sources of carbon and energy. Other traits are shown in Table 2 . The G+C content of the DNA is 54 to 55 mol% (Ti). The type strain is ACM 4717. This strain, originally referred to as A4, was isolated by Lidstrom (33) from seawater near a sewage outfall in California; subsequently, the strain was methanol adapted and is now referred to as strain A45. Group I1 methanotrophs. The Group I1 methanotrophs comprise two groups of species (phena 13 and 14 and phena 15 and 16) which exhibit various phenotypic ( Fig. 1 and Tables 2 and 8 ) and genotypic differences ( Table 4) . "Methylusinus" and "Methylocystis" strains have also been shown to differ in their protein electrophoretic patterns (21) , in serology (3), and in their genome molecular weights (7) . 5s rRNA sequences (10) and 16s rRNA sequences (9, 52) have also shown that "Methylosinus" species are distinct from but still relatively closely related to "Methylocystispawus. " On the other hand, the ubiquinone contents (12), DNA base AA23).
compositions, and DNA melting transition widths (7) of various group I1 methanotrophs have been found to be quite similar. On this basis it is proposed that Methylosinus gen. nov., nom. rev. and Methylocystis gen. nov., nom. rev. and their species should be revived from the original invalid descriptions (43, 56) . Each genus has two member species, as follows: Methylosinus trichosporium sp. nov., nom. rev. (type species) and Methylosinus sporium sp. nov., nom. rev.; and Methylocystis parvus sp. nov., nom. rev. (type species) and Methylocystis echinoides sp. nov., nom. rev. The genus Methylocystis has potentially more member species (22) ; however, strains of these potential species need to analyzed by using DNA-DNA hybridization to ascertain their distinctiveness. The group I1 methanotroph species are differentiated phenotypically in Table 8 , while the genera are differentiated in Table 7 . Descriptions of the group I1 methanotroph genera and species are given below. 
